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Biomechanics of Forage Wafering 
G. E. Rehkugler and W. F. Buchele 
MEMBER ASAE MEMBER ASAE 
NUMEROUS research workers in in-dustrial and educational institutions 
throughout the world have investigated 
the process of wafer formation with 
forage plant materials. The advantages 
obtained from reducing the volume of 
material handled and increasing pro-
duction of animals fed wafers has made 
the process attractive to farmers. Manu-
facturers of farm machinery recognized 
the potential importance of wafers and 
set about to develop wafering machines 
and offer them to the farm market. The 
number of machines sold in the west-
ern part of the United States is in-
creasing each year. Although manufac-
turers and researchers have expended 
enormous effort in developing forage 
wafering, there are many unanswered 
questions about the behavior of forage 
plant material during the wafering 
operation. Thus the investigation of 
the influence of physico-mechanical and 
chemical properties of forage plant 
material on the forming of wafers thus 
became the major objective of the re-
search on which this paper is based. 
A union of the biological and mechani-
cal behavior of the forage plant was 
sought to give more insight into wafer 
behavior under wafering processes now 
in use. 
LITERATURE REVIEW 
Two groups of variables influence 
the formation of wafers: variables in-
volving the processing procedure and 
parameters that describe the properties 
of the forage material. A clearer pic-
ture of the state of knowledge in wafer-
ing is gained by listing these variables 
in their respective groups as follows, 
and discussing the currently available 
data about the wafering process: 
Processing variables are: 
Geometry of the wafer die 
Hold time in the die 
Temperature of the die and the 
material 
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Magnitude and rate of application 
of forces to the material 
Properties of the material are: 
Quantity and distribution of mois-
ture in the material 
Size and shape of the forage par-
ticles 
Particle-size distribution 
Biochemical characteristics of the 
forage 
Mechanical properties of the for-
age material 
Processing Variables 
Mewes (21)* in 1958 proposed the 
following pressure-density relationship 
for forage materials. 
v = c
 7™ [i] 
y = material density in weight 
per unit volume 
p = axial pressure in a closed-
end die 
m, C = coefficients characteristic of 
the material 
Busse (5) stated that equation [1] 
is valid for pressures up to 10 kg per 
sq cm (142.5 lb per sq in.) and for 
pressures from 200 kg per sq cm (2850 
lb per sq in.) to the ultimate density of 
the wafer and organic matter. Between 
10 and 200 kg per sq cm, Busse claims 
equation [2] applies: 
p = Ae B7 [2 ] 
A and B = coefficients characteristic 
of the material 
Equations [1] and [ 2 ] , however, 
apply only to the compression of the 
material in the cylinder and do not 
predict the final density of the wafer. 
Butler and McColly (8) developed 
equation [3] defining the final density 
of the wafered material, as follows: 
p = K t In (p/K2) . . . . [3 ] 
p = final pellet (wafer) density 
in lb per cu ft 
p = applied axial thrust in lb 
per sq in. 
K^,K2 = parameter characteristics of 
the material and hold time 
in the die 
Equation [3] applies to pressures 
between 1,000 and 5,000 lb per sq 
in. The hold time will influence the 
values of Kr and K2 because Butler and 
McColly's data indicates a 7.7 lb per 
cu ft change in wafer density per unit 
decade change in hold time. Bruhn 
el at (4) showed a significant increase 
in final wafer density with longer hold 
times. Final wafer density is subject 
to interpretation because Shepperson 
and Grundey (28) measured changes 
in wafer density over a period of 12 
months. However, Butler and McColly 
(8) found that the major expansion 
had occurred 30 minutes after release 
of the wafer from the die. 
Elevated temperatures (up to 212 
F) were used by investigators at the 
Kosch Company (16, 17) and by 
Reece (26) to increase density and 
durability of forage wafers. Increased 
temperature of the forage permitted 
production of denser wafers at lower 
pressures. 
Butler and McColly (8) in a study 
of the influence of die geometry on 
wafer density found that the smaller 
diameter cylinder with the largest hay 
sample produced the most dense wafers 
with both long hay and chopped hay. 
Rate of loading forage in the wafer-
ing process has not been extensively 
investigated. However, Chancellor (9) 
studied the influence of impact loads 
ranging in peak values from 3,000 to 
13,000 lb per sq in lasting 0.5 to 18.0 
milliseconds and conducted that "wafer 
formation was not as efficient by im-
pact loading as by static loading." 
Properties of the Material 
The influence of moisture content of 
the forage plant on wafering has been 
extensively investigated. The maximum 
wafer density is limited by the per-
centage water and the density of the 
forage plant constituents. From the 
data of Butler and McColly (8) , if 20 
lb per cu ft is a minimum desirable 
wafer density, 26 percent moisture con-
tent (wet basis) is the maximum allow-
able. Field wafering is most success-
fully carried out at moisture contents 
less than 15 percent. Individual charges 
of forage material may be difficult to 
wafer when there are large variations 
in the moisture content in the windrow. 
Several investigations (8, 13, 28) 
found that wafers made from long hay 
as compared with chopped hay were 
more durable. Butler (7) observed that 
chopping hay may neither be desirable 
nor necessary since this process is di-
rectly opposed to experience with pel-
leting ground concentrates. Pickard et 
at (24) observed that the characteris-
tics of leaves and stems in dense wafers 
were (a) stems were flat and com-
pletely crushed, (b) stems were sharp-
ly creased and the wafer was an in-
terlaced mass, and (c) individual plant 
cells were almost completely obliter-
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ated. Huang and Yoerger (14) modi-
fled alfalfa stems by maceration and 
obtained noticeable increases in wafer 
densities for moisture contents above 
30 percent. 
The influence of particle-size distri-
bution has not been investigated, but 
it has been observed that leafy hay 
tends to produce a better wafer (3) . 
Mark (18) stated that adhesion due 
to chemical ingredients plays a key role 
in wafering. Different types and ma-
turities of forages have different chemi-
cal compositions and enter into bio-
chemical reactions in a different man-
ner. Pickard et al (24) found that 
waferability decreased with increased 
maturity of alfalfa and at low moisture 
contents (13 percent) found little ad-
hesion of plant parts for pressures up 
to 15,000 lb per square inch. Others 
(13) have stated that lignin or cutin 
may influence waferability although no 
quantitative evidence has been given. 
We were unable to find any data 
relating the mechanical properties of 
the individual forage particles to the 
resulting wafers formed. Pickard et al 
(24) observed that the high resiliency 
of alfalfa stems at moisture contents 
above 20 percent may have caused the 
low densities. 
Objectives 
Although the process of wafering 
has been throughly investigated from 
the view of process variables, the in-
fluence of the chemical and physico-
mechanical p r o p e r t i e s of the forage 
plant material on wafer production has 
not been investigated. Therefore, the 
objectives of this research were: 
1 To identify the physicomechanical 
properties and characteristic chemical 
constituents of the forage which have a 
significant effect on the formation of a 
wafer. 
2 To correlate through theory and 
e x p e r i m e n t s , the physicomechanical 
P = 0( t ) 
properties and characteristic chemical 
constituents with the mechanics of the 
wafer production. 
A Rheological Model 
Previous studies have produced a 
relationship between time, force and 
the density of wafered material. Devel-
opment of this information with the 
aid of a rheological model provided a 
means of relating forage properties to 
wafer density and expansion. 
Fig. 1 illustrates a cylinder partially 
filled with forage before the application 
of force P. Fig. 2 illustrates an as-
sumed deflection-time curve based on 
the work of Busse (5) , Butler (7) and 
others (28). 
A rheological model of the wafering 
process is shown in Fig. 3. Assuming 
a step input of axial thrust to the for-
age, the immediate deformation A to 
B (Fig. 2) depicts an irreversible fail-
ure and reorientation and elastic de-
FIG. 2 Hypothetical deflection-time curve 
for a forage compressed in closed-end die. 
formation of the material. Elements A, 
B and K± contribute this response in 
the rheological model (Fig. 3 ) . De-
flection B-C (Fig. 2) illustrates the 
time-dependent response of the wafer, 
shown in the rheological model (Fig. 
3) by elements K2 and R. With the 
sudden reduction of loading to zero, 
there is a time-dependent expansion of 
the wafer illustrated by C-D-E in Fig. 
2. The final deflection Sf is established 
by the amount of irreversible failure 
and reorientation of material as well as 
the bonding due to biochemical reac-
tions during application of the load 
(element B, Fig. 3) . 
As defined by the rheological model, 
element A represents a totally irreversi-
ble deflection Sx; elements K± and B in-
dicate a partially reversible deflection 
S2, and elements K2 and R represent a 
totally reversible deflection 83. Based 
on several assumptions and mathemati-
cal analysis (27) the following expres-
sion for axial wafer strain was devel-
oped: 
A 
n-
\\\\\\\\\\\\:0 
\\\\\\\\\ 0, 
• S, 
v/a + 1 + + 
FIG. 3 A hypothetical rheological model 
of forage being compressed in a closed-
end die. 
A — unit permanent strain of the 
material due to consolidation 
and reorientation of the forage 
particles 
o- = axial pressure applied to the 
wafer, lb per sq in. 
a = energy capacity of the forage, 
in.-lb per cu in. 
ah = cohesive pressure, lb per sq in. 
ACi = elastic modulus for the Kt ele-
ment shown in Fig. 3, lb per 
sq in. 
K2 = elastic modulus for the K2 ele-
ment shown in Fig. 3, lb per 
sq in. 
Equation [4] illustrates the impor-
tance of properties of the material in 
determining wafer expansion and thus 
the final wafer density. The time ele-
ment enters because it influences the 
magnitude of A, the permanent strain 
of the material. Resiliency is repre-
sented by the coefficient a, and ACI and 
K2 illustrate elastic properties of the 
material. Chemically and mechanically 
induced bonding forces in the material 
are represented by ah. Therefore, the 
waferability of any forage material 
must be established by a representative 
measurement A, a, Kl9 K2, and crh. A 
simple bending test of forage stems 
was used to establish data representa-
tive of the m e c h a n i c a l coefficients. 
However, because the coefficients ap-
pearing in equation [4] were not di-
rectly obtainable, a dimensional analy-
sis was used to guide experimentation. 
FIG. 1 Uncompressed forage in a closed-
end die. 
K2 
[4] 
Dimensional Analysis 
A workable functional relationship 
unit strain of wafer expansion between wafer density, processing vari-
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ables and properties of the wafered 
material is desired. Unfortunately the 
rheological model and the development 
of equation [4] did not permit this; 
so a dimensional analysis was used to 
develop an experimental program for 
providing this relationship. 
Pertinent variables are listed in Ta-
ble 1. A standardized bending test was 
conducted on forage stems: A simply 
supported stem was loaded at the cen-
ter until a maximum level of strain was 
obtained, held for 15 sec, and then the 
load was released. The variables o-s, 
es, -Eg were obtained from this test. 
A maximum density of the forage 
and water mixture was calculated from 
equation [5 ] where 
yT yM yw yM 
[ 5 ] 
yT = maximum d e n s i t y of t h e 
wafer for any given moisture 
content of forage, lb per cu 
ft 
yW = density of water, lb per cu ft 
yM = density of the dried forage 
exclusive of air, lb per cu ft 
p = percentage of water in the 
forage 
Percentage of stems, rj, in the forage 
sample contribute the major mechani-
cal energy for wafer expansion and 
thus is included as a variable descrip-
tive of the material. 
Percentage of crude protein and the 
relative concentration of pectins were 
included as measures of the bonding 
forces created in the wafer during ap-
plications of the wafering pressure. 
Considerable investigation of the litera-
ture on plant constituents (1, 10, 11, 
22) led to the use of these two vari-
ables to describe the magnitude of the 
bonding action. 
Moisture content, m, is included be-
cause of an assumed lubricative effect 
of moisture during the consolidation 
and reorientation of the material. This 
effect is independent of the influence 
of moisture on the maximum theoreti-
cal density, yT, is equation [ 5 ] . 
Specific heat, Cp, and temperature 
of wafer, ft, d e s c r i b e the t h e r m a l 
properties of the wafering system. This 
accounts for the exchange of thermal 
and mechanical energy during the waf-
ering operation. 
The influence of time, as illustrated 
by the rheological model, is accounted 
for by the time the wafer is held under 
pressure, th, and the time after release 
of the pressure, tR, and release of the 
wafer from the die. Where densities 
of the wafer in the die are to be pre-
dicted, ta has no meaning and must 
be excluded from the analysis. 
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T A B L E 1. P E R T I N E N T V A R I A B L E S I N T H E D I M E N S I O N A L ANALYSIS O F 
W A F E R I N G I N A C L O S E D - E N D D I E 
V a r i a b l e Desc r ip t ion Uni t s D imens ions 
D e p e n d e n t 
y 
I n d e p e n d e n t 
geomet ry 
D 
Forces 
Proper t ies of 
ma te r i a l 
y T 
<7s 
E 
V 
Opera t i ona l 
var iab les 
W 
Dens i ty of wafer a t any t i m e t 
Ins ide d i a m e t e r of wafer d ie 
Axially app l i ed wafe r ing p ressure 
Dens i ty of forage ca l cu l a t ed from e q u a t i o n [5] 
M a x i m u m ex t reme fiber stress in a s t em s u b -
jec ted to a s t a n d a r d b e n d i n g tes t (modulus of 
rup tu re ) 
Secan t m o d u l u s for m a t e r i a l in forage s tems 
M a x i m u m p e r m a n e n t s t ra in of a forage s t em 
sub jec ted t o a s t a n d a r d b e n d i n g test 
E n e r g y d i ss ipa ted b y t h e stress pe r un i t v o l u m e 
of m a t e r i a l f rom s t a n d a r d b e n d i n g tes t 
P e r t i n e n t forage pa r t i c l e geomet ry 
P e r c e n t a g e s tems (by we igh t ) in t h e forage 
P e r c e n t a g e c r u d e p ro te in b y we igh t 
Re la t ive concen t r a t ion of pec t ins in p e r c e n t 
t ransmiss ibi l i ty for a s t a n d a r d 
Mois tu re conten t , p e r c e n t a g e on w e t basis 
Specific h e a t of fo rage 
T i m e t h e wafer is h e l d in d ie u n d e r p ressure _ 
T i m e after re l sease f rom d i e 
T e m p e r a t u r e of t h e wafer 
W e i g h t of a s ingle c h a r g e of ma te r i a l p l a c e d l b 
in t h e d ie 
lb per cu ft 
lb p e r sq in. 
lb per cu ft 
l b p e r sq in . 
lb pe r sq in. 
lb pe r cu in. 
F L - 3 
L 
F L - 2 
F L - 3 
F L - 2 
F L - 2 
L 
b t u pe r l b - d e g F 
sec 
sec 
d e g F 
T 
T 
© 
F 
Weight of the charge of material is 
included because a combination of die 
geometry and wafer-charge weight par-
tially established the wafer dimensions 
in the die and the distribution of forces 
in the wafer. 
Development of a General Equation 
The relationship of wafer densities 
to the remaining variables is symbolized 
as: 
y = <f> (o-, D> W, th9 fa, X, 7], yT, o-s, 
Ks, es, E„ Ppr , Ppe, fi, Cp, m) . . [6 ] 
Application of the Buckingham pi 
theorem (23) reduces equation [6] to 
fourteen dimensionless-variable groups 
(77" terms). Because there is an ex-
change of mechanical and thermal en-
ergy during the wafering process, the 
basic dimensions of the problem are 
force (F ) , length (L) , time (T) , and 
temperature ( 0 ) . Therefore, the wa-
fering process is described by: 
Dependent 77 term 
y D* 
tfT5 
777 
^ 9 
7TlO 
7Tl3 
- 7] 
w 
y T D 3 
Cp/3*a2 
D 2 
77! = 
7Ti4 = m 
Therefore, 
W * D 
W K 
^ D 2 ' " 7 
W 
*h 
w 
> 
Cv/3ta* 
Independent 7T terms 
X 
772
 ^~W 
y T D3 D 2 VI 
7T3 
7T4 
(T 
A. 
Although other investigators of the 
wafering process did not conduct a 
dimensional analysis of the problem, 
results of these investigations can be 
related to this approach as shown in 
Table 2. 
Equation [7 ] formed the basis for 
the experimental program to discover 
TABLE 2. SUMMARY OF PREVIOUS INVESTIGATIONS 
Description of the phenomena Investigators 
D 
t 
y T D F 
ni 
Geometry of the forage particles 
The influence of hold time and time after the 
wafer is removed from the die 
Die and wafer geometry 
Thermal effects on the forage 
Influence of moisture content on the forage 
Pressure applied to the wafer 
(3,6,8,13,14,24,28) 
(4,8,28) 
(6,8) 
(16,17,26) 
(2,3,4,8,9,24,28) 
(4,5,8,16,17,20,21,24) 
how properties of the forage material 
defined in Table 1 influence the den-
sities of wafers formed in a closed-end 
die. The influence of stem content of 
alfalfa forage on wafer densities was 
examined in detail in conjunction with 
the moisture content of the material 
(27). Moisture content, percentage of 
stems by weight, and the interaction 
between percentage of stems and mois-
ture content were found to have highly 
significant influence on wafer density. 
The investigations reported here, how-
ever, are concerned with defining the 
functional relationship shown in equa-
tion [ 7 ] , 
Wafering Grasses and Legumes 
An ideal program of experimentation 
to define the relationship shown in 
equation [7] would be one where the 
influence of each independent TT term 
on the dependent TT term would be 
obtained by holding all independent TT 
terms, except one constant at one level 
and varying just one term. Unfortu-
nately it was impossible to fix the sev-
eral properties of the material inde-
pendently. An extensive investigation 
of the behavior of many kinds of grass 
and legume forages was necessary to 
provide a range of properties of forage 
material. Development of a relation-
ship between the independent TT terms 
and the dependent TT term involving 
wafer density was completed through 
a multiple-regression analysis of the 
data. 
Experimental Procedure and Apparatus 
Field plots of oats, alfalfa, brome-
grass and Kentucky bluegrass were se-
lected and material was harvested from 
these plots at weekly intervals as the 
forages matured. The material was 
dried at 160 F for 48 hr. Leaves and 
stems were separated for a dried sam-
ple of the material and the percentage 
of stems by weight was determined. 
Fifty-gram samples of the dried ma-
terial were placed in plastic bags, and 
water was added to bring the contents 
to nominal moisture levels of 5, 10, 15, 
20 and 25 percent. Storage of the 50-g 
samples for 48 hr permitted them to 
reach a uniform moisture content. Four 
stem samples were selected at random 
and subjected to a bending test. Two, 
approximately 17.3-g dry matter sam-
0.00 0,05 0.10 0.15 0.20 
DISPLACEMENT OF THE LOADING TIP - Z - IN 
FIG. 6 A load-deflection curve for a stem 
bending test. 
pies of the forage, were wafered in a 
closed-end die. 
Bending Test 
Prince et al (25) have shown that a 
simple bending test will detect differ-
ences in the physical properties of for-
age stems. The device shown in Fig. 
4 was constructed to apply a central 
force to a simply supported stem 2.04 
in. long with a movement of the load-
ing tip at 0.0158 in per sec. Load 
was detected with a strain-gage, canti-
lever-beam load cell, and loading force 
movement was monitored by a linear 
motion potentimeter. Load-deflection 
data were recorded on the Offner model 
R oscillograph. Fig. 5 illustrates the 
data obtained for a single bending test. 
Channel 1 indicates the load at the 
midpoint of the stem and channel 2 
the displacement of the loading tip. 
The loading procedure was to load the 
stem specimen until the deflection of 
the stem reached 
0.01584 . 
d = average diameter of the stem, 
The load was then held for 15 sec 
m^mmm 
.US-Ll:.£± 
151 
mmm 
immmtimmia FIG. 4 Bending-test fixture and load-cell 
assembly used for a simple bending test FIG. 5 Oscillograph chart of load and deflection of a forage stem for a simple bending 
of a forage stem. test. 
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TABLE 3. STEM BENDING TESTS RESULTS FOR THE FORAGE MATURITY EXPERIMENT (Average of four tests) 
FIG. 7 Hydraulic press with loaded die in 
position for forming a wafer: (1) strain-
gage load cell, (2) dial gage for wafer 
length, (3) loaded die, (4) control valve, 
(5) spare die and extraction chamber, (6) 
hand pump for fine adjustment of pres-
sure, (7) motor, hydraulic pump and sump, 
(8) foot switch for motor and pump con-
trol, and (9) strain indicator. 
and released at the same displacement 
rate as for loading. The hold period 
was used to permit relaxation of the 
load in much the same manner as creep 
occurs in wafering when the pressure 
is held for a period of time. A planime-
ter was used to determine the area un-
der the loading and unloading curves 
so that the net energy absorbed by the 
stem could be calculated (Fig. 6 ) . The 
secant modulus was calculated for a 
Code 
number 
1005 
1010 
1015 
1020 
1025 
1105 
1110 
1115 
1120 
1125 
1205 
1210 
1215 
1220 
1225 
1305 
1310 
1315 
1320 
1325 
1405 
1410 
1415 
1420 
1425 
Permanent 
strain, in per in. 
0.0083 
0.0080 
0.0091 
0.0046 
0.0047 
0.0142 
0.0096 
0.0176 
0.0138 
0.0140 
0.0042 
0.0059 
0.0052 
0.0055 
0.0047 
0.0100 
0.0097 
0.0067 
0.0046 
0.0032 
0.0049 
0.0024 
0.0042 
0.0030 
0.0106 
Fiber stress, Secant modulus, 
lb per sq in. 
Alfalfa—May 23 
12542.2 
3379.7 
4261.0 
2058.5 
1850.5 
Kentucky Bluegress—May 
10130.7 
10041.0 
5046.7 
4288.7 
3328.5 
Bromegrass—May 27 
4881.2 
2133.7 
1992.2 
1456.0 
1610.5 
Alfalfa—May 30 
16595.0 
10961.7 
4501.0 
3132.2 
2443.5 
Oats—May 31 
778.6 
276.6 
425.2 
415.3 
213.1 
lb per sq in. 
331975. 
147975. 
159750. 
87935. 
77502. 
25 
371925. 
426650. 
221000. 
152650. 
126180. 
151827. 
73250. 
77502. 
58397. 
70520. 
377250. 
280250. 
187900. 
108092. 
86712. 
25298. 
9119. 
16440. 
15694. 
6360. 
Unit energy, 
in.-lb per cu in. 
12.0740 
3.9047 
4.6010 
2.5633 
2.2655 
11.5057 
8.1712 
6.1697 
4.9865 
3.4745 
5.2660 
2.4805 
1.5150 
1.4069 
1.7582 
15.9575 
15.4857 
4.2892 
2.7167 
2.5178 
0.9813 
0.3832 
0.5320 
0.4835 
0.5346 
FIG. 8 A Rinck-Mcllwaine valve-spring 
tester used as a length measuring fixture. 
maximum strain of 0.0075 in./in. at 
the midpoint of specimen. 
Wafering Procedure 
Forage samples containing approxi-
mately 17.3 g of dry matter were placed 
in a cylindrical die and subjected to 
an axial thrust of 4,000 lb per sq in. 
for 15 sec and then released from the 
die. Fig. 7 illustrates the wafering 
press, load cell, and associated equip-
ment for making wafers. Lengths and 
diameters of the wafers outside the 
die were obtained with the Rinck-Mc-
Ilwaine valve-spring tester modified to 
function as a length-measuring fixture 
(Fig. 8 ) . Length of the wafer in the 
die was measured with the dial indi-
cator shown in Fig. 7. 
RESULTS 
Bending Test Results 
Table 3 summarizes part of the 
data describing the mechanical proper-
ties of the forage material as a function 
of maturity and moisture content. Fig. 
9 illustrates the change in the modulus 
of rupture of bromegrass stems with 
changes in maturity and moisture con-
tent of the material. This is ample 
evidence of the vast differences in 
physico-mechanical properties of forage 
materials as crop maturity changes. 
The modulus of rupture of the stems 
increases with greater maturity and 
lesser moisture contents. 
Fig. 10 illustrates differences in the 
modulus of rupture of stems of nearly 
the same chronological age but from 
different forages. The modulus of rup-
ture for oats was considerably lower for 
all moisture contents. Wider differ-
ences appear at the higher moisture 
contents. Difficulty in wafering of for-
MOISTURE CONTENT - PERCENT - (W.B.) 
FIG. 9 Modulus of rupture versus mois-
ture content for various maturities of 
bromegrass. 
x- ALFALFA - JUNE 6 
O - KENTUCKY BLUERRASS - JUNE f 
A - BROMEGRASS - JUNE 10 
Q- OATS - JUNE 7 
)ISTURE.CONTENT - PERCENT - (W.B.) 
FIG. 10 Modulus of rupture for four dif-
ferent forages of approximately the same 
chronological age. 
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TABLE 4. WAFER DENSITIES FOR FORAGE MATURITY EXPERIMENT 
(Average of two wafers) 
GROSS DENSITY - -.. 
DRY MATTER DENSITY- X,, 
O MAY 31 
e JUNE 7 
O JUNE 14 
• JUNE 21 
B JUNE 28 
B JULY 5 
MOISTURE CONTENT - PERCENT - (W.B.) 
FIG. 11 Wafer densities in the die versus 
moisture content for various maturities of 
oats. 
ages begins to occur at moisture levels 
above 15 percent. Differences in the 
modulus of rupture for the various 
forages at the higher moisture contents 
indicate a reason for the differences in 
waferability of different forages. 
Results of Wafering Various Forages 
Table 4 summarizes some of the data 
describing the densities of wafers made 
from various maturities of different for-
ages. Fig. 11 shows the influence of 
moisture content and maturity of oats 
on wafer densities in the die in a dra-
matic way. The theoretical curve for 
dry matter densities indicates the 15 
percent moisture level is a critical point 
in the behavior of forage materials. 
Beyond 15 percent moisture the den-
sity of the wafers in the die closely 
parallel the theoretical line. However, 
below 15 percent the experimental re-
X - ALFALFA - JUNE 6 
O - KENTUCKY BLUEGRASS - JUNE 8 
fi - BROMEfiRASS - JUNE 10 
D - OATS - JUNE 7 
20 25 
MOISTURE CONTENT - PERCENT - (W.B.) 
Code 
number 
10052 
10102 
10152 
10202 
10252 
11052 
11102 
11152 
11202 
11252 
12052 
12102 
12152 
12202 
12252 
13052 
13102 
13152 
13202 
13252 
Moisture 
content, 
percent 
(w.b.) 
6.89 
12.33 
14.15 
20.26 
25.31 
6.22 
11.12 
14.11 
18.85 
22.62 
5.49 
10.57 
13.44 
15.54 
19.80 
6.88 
11.29 
16.41 
18.36 
23.37 
In die, 
Gross densities 
As released, 
lb per cu ft lb per cu ft 
70.40 
82.39 
83.19 
84.49 
83.37 
67.63 
77.91 
81.38 
83.76 
83.75 
67.15 
79.35 
82.22 
82.64 
84.04 
66.84 
80.98 
83.63 
82.84 
83.26 
Alfalfa, 
55.09 
62.56 
62.82 
60.49 
52.84 
Final value, 
lb per cu ft lb 
May 23 
53.80 
61.58 
59.93 
58.63 
51.31 
Kentucky Bluegrass, May 25 
33.77 
42.65 
38.53 
33.86 
32.50 
31.55 
40.18 
35.73 
29.36 
29.29 
Bromegrass, May 27 
36.25 
49.01 
51.19 
46.78 
45.01 
Alfalfa, 
50.87 
54.70 
57.23 
53.68 
38.75 
35.71 
47.17 
46.70 
39.49 
40.17 
May 30 
48.14 
50.51 
52.56 
46.77 
34.03 
Dry matter densities 
In die, 
per cu ft 
65.55 
72.23 
71.42 
67.37 
62.30 
63.42 
69.25 
69,90 
67.96 
64.80 
63.46 
70.96 
71.17 
69.78 
67.39 
62.24 
71.81 
69.91 
67,62 
63.81 
As released, 
lb per cu ft 
51.29 
54.85 
53.93 
48.21 
39.55 
31.67 
37.91 
33.10 
27.50 
25.14 
34.26 
43.83 
44.31 
39.60 
36.18 
47.47 
48.50 
47.82 
43,83 
29.72 
Final value, 
lb per cu ft 
50.09 
53.99 
51.45 
46.73 
38.42 
29.59 
35.71 
30.69 
23.86 
22.69 
33.75 
42.18 
40.43 
33.45 
32.30 
44.83 
44.75 
43.93 
38.21 
26.10 
MOISTURE CONTENT - PERCENT - ( W . B . ) 
FIG. 12 Wafer densities in the die for dif-
ferent forages of the same maturity. 
FIG. 13 Wafer dry-matter densities after 
expansion for 30 minutes versus moisture 
content for various maturities of alfalfa. 
suits deviate drastically. Adequate mois-
ture is necessary to reduce interparticle 
friction so that the pore space may be 
eliminated. Beyond the moisture re-
quirement for reduction of interparticle 
friction the moisture begins to occupy 
volume that would otherwise be occu-
pied by forage dry matter. The dry 
matter density of wafers, therefore, fol-
lows the theoretical c u r v e t h a t de-
scribes the maximum possible dry mat-
ter density of a wafer at any given 
moisture content. This partially ex-
plains the value of adding moisture in 
the field wafering operation. 
The more mature forage wafers were 
less dense than the wafers formed from 
the early cut forage. Changes in the 
physical and mechanical properties of 
the material caused changes in the com-
pressibility of the material in the die, 
particularly at the lower moisture con-
tents. 
Forage type influences wafer density 
in the die as shown in Fig. 12. Com-
paring data for modulus of rupture for 
the same forages with wafer densities 
in the die shows a strong correlation 
of density with mechanical properties 
of stems. 
The final wafer density was calcu-
lated on the basis of wafer dimensions 
and weight after wafer expansion for 
30 min. Increasing maturity resulted 
in a reduction of final wafer density for 
all forages tested. Alfalfa and oat 
wafers gave the greatest differences in 
final densities as shown in Figs. 13 and 
14. Obviously, the changes in matur-
ity changed the physical, mechanical 
and chemical properties of the forage 
and forced the great differences in the 
final densities of the wafers. Differ-
ences in final wafer densities due to 
forage type are shown in Fig. 15 for 
forage harvested in adjacent plots, June 
MOISTURE CONTENT - PERCENT - (W.B.) 
FIG. 14 Wafer dry-matter densities after 
expansion of 30 minutes versus moisture 
content for various maturities of oats. 
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TABLE 5. RESULTS OF MULTIPLE REGRESSION OF GROSS DENSITY IN THE DIE 
^ TERM FOR MODEL EQUATION [8] 
Source 
Regression 
Residual 
Total 
F : 
Standard error = 
Dependent 
Degree of freedom 
= 209.80 
= 3.0914-07 
Variable 
Y i i D 
cr 
m 
q-s 
cr 
K 
s 
cr 
E 
s 
cr 
m2 
*05 = 1.981 
5 
114 
119 
Multiple R2 
R 
b value 
1.0585-05 
5.0250-07 
-5.3254-07 
2.7160-09 
2.1279-04 
-1.3129-08 
Sum of squares 
1.0026-10 
1.0895-11 
1.1115-10 
= 0.902 
= 0.950 
Standard error of b 
2.5092-07 
3.2706-08 
6.7436-08 
2.0838-09 
4.6893-05 
1.0498-09 
Mean square 
2.0051-11 
9.5572-14 
t value 
42.180 
15.334 
— 7.897 
1.303 
4.538 
- 1 2 . 5 0 6 
11, 1966. A major difference between 
the legume, red clover, and the grasses 
is obvious. 
Multiple-Regression Analysis Produces 
Prediction Equations 
A multiple-regression analysis on the 
data for the four forages varying in 
maturity was used to develop predic-
tion equations for wafer densities in 
the die and after they reached a stable 
value. Several prediction models con-
sisting of linear combination of TT terms 
were tested for on the basis of the sig-
nificance of the regression coefficients 
and the magnitude of the multiple-cor-
relation coefficient. Equation [8 ] illus-
trates the model selected as an ade-
quate representation of the data. The 
multiple-regression approach was man-
dated by the inability to test the in-
fluence of various m e c h a n i c a l a n d 
O ORCHARDGRASS 
6 T A L L FESCUE 
O MEADOW FOXTAIL 
G CREEPING FOXTAIL 
B BROMEGRASS 
B REED CANARYGRASS 
A RED CLOVER 
chemical properties of the forage in-
dividually. 
(T 
Ka 
+ fe 
+ error [8] A 
cr 
y n = density of wafer in the die, lb 
per cu ft 
Estimators (b) of the coefficients po 
through B5 and the error in the model 
equation [8 ] are given in Table 5. 
With the exception of—- , the b quanti-
ties are all significant at the 5 percent 
level as established by the t test. The 
multiple R2 of 0.902- indicates that bet-
ter than 90 percent of the variation is 
accounted for by this model. Moisture 
content, modulus of rupture, secant 
modulus and energy absorption of the 
stems were variables adequate for de-
scribing the density of the material in 
the die. Percentage stems and protein 
and pectin content were absent from 
this model. 
Equation [9 ] was developed from 
the data given in Table 5 and used to 
predict wafer densities for wafers made 
from several different grasses and red 
clover harvested from experimental for-
age plots at Albia, Iowa. Note that a 
large value of secant modulus and en-
ergy absorption by the stems gives 
greater density but an increase in the 
modulus of rupture decreases density. 
MOISTURE CONTENT - PERCENT - (W.B.) 
FIG. 15 Wafer dry-matter densities after 
expansion for 30 minutes versus moisture 
content for forages harvested at Albia ex-
periment farm. 
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711 -
13.129 m2 
D 
[10585 + 502.50 m -
532.54 2.7160 
+ 212790 - ^ - ] X 10"* . . [ 9 ] 
cr o-
Fig. 16 compares predicted values of 
density with measured values of den-
sity in the die. Perfect correlation of 
predicted values with measured values 
of density would be a 45-degree di-
agonal line. The maximum error in 
predicting gross density in the die was 
6.22 percent, which was for the lowest 
moisture content meadow foxtail forage. 
Twenty-eight of the thirty-five pre-
dicted values were higher than the 
measured values. Correlation of meas-
ured densities with predicted densities 
was 0.939. 
Wafer densities after expansion for 
30 min were related to stem properties, 
moisture content and protein content 
in accordance with the following multi-
ple-regression model: 
• = p0 + Pi m + /32m2 + 
7 1 3 1 
W 
PSV + ft PPr + ft — + ft ~ 
+ far] m + p8rj + ft*? 
+ ft W <rD2 + error [10] 
Y13 = final wafer density, pounds 
per cubic foot 
Table 6 shows the results of the 
multiple-regression analysis. A multi-
ple R2 of 0.927 was obtained with all 
b quantities significant at the 5 percent 
level. Equation [11] is the prediction 
equation for the final wafer densities: 
W 
y i 3 = _____ [30625 + 328.56 m -
D 3 
8.4225 m2 - 57.950 77 
K 
450.07 Pn 
+ 34.017 2681300 
2.4152 7?m - 23.339 7] ~^L-
+ 57838 7} — - 3368900000 
cr 
w 
cr D2 
] X 10 [11] 
MEASURED VALUE OF T - LBS/FT3 
FIG, 16 Predicted versus measured values 
of wafer gross densities in the die for the 
forages harvested at the Albia experiment 
farm, 
The detrimental influence of stems 
in a forage to be wafered is illustrated 
by the negative coefficient of the per-
centage of stems variable. Increased 
protein content, which represents the 
bonding activity within the material, 
increases the predicted value of final 
wafer density as hypothesized by the 
rheological model. Because the me-
chanical influence of stems is deter-
mined by the mechanical properties of 
the stems, as well as the quantity of 
stems, several interaction terms were 
included and found significant. This 
model also shows that size of the wafer 
pharge (as incorporated by W/o-D2) 
also influences the final density of the 
wafer. The size of the wafer charge 
and diameter of the die influence the 
length of the wafer and thus the dis-
tribution of pressure through the length 
of the wafer when it is subjected to an 
axial thrust. 
Equation [11] was used to predict 
the final wafer densities for several for-
ages harvested from experimental for-
age plots at Albia, Iowa. Fig. 17 com-
pares predicted and measured values 
of final wafer densities. The correla-
tion of predicted values with measured 
values was 0.750. Predicted densities 
for the grasses were consistently too 
high, and those for the legume (red 
clover) were too low. Although several 
important properties of the material 
have been identified, prediction equa-
tion [11] is adequate only to predict 
trends in final wafer densities as a func-
tion of the properties of the material. 
Qualitatively it is obvious that high 
levels of protein content and low per-
centage of stems are important practi-
cal characteristics of easily wafered for-
ages. Grasses that are high in protein 
and contain a small percentage of stems 
are as easily w a f e r e d as l e g u m e s . 
Grasses, however, usually are low in 
protein and high in stem content un-
less they are very immature. This, in 
part, explains the difficulties encoun-
T A B L E 6. R E S U L T S O F M U L T I P L E R E G R E S S I O N O F T H E F I N A L GROSS D E N S I T Y , 
, F O R M O D E L E Q U A T I O N [10] 
MEASURED. VALUE OF ^ - LBS/FT3 
FIG. 17 Predicted versus measured values 
of wafer gross densities after 30 minutes 
for forages harvested at the Albia experi-
ment farm. 
8 
Source 
Regress ion 
Res idua l 
T o t a l 
S t a n d a r d error = 
D e p e n d e n t 
Degree 
F 
0 . 1 0 3 5 
Var i ab l e 
D 3 
w 
V 
m 
P 
p r 
w 
K 
s 
CT 
E 
s 
cr 
rjm 
7] 
cr 
E 
m 2 
*05 = 1.981 
of f reedom Sum of squares 
1 0 1 .4832-01 
1 0 9 1 .1678-00 
1 1 9 1 .6000-01 
= 1 3 8 . 4 4 Mul t ip l e R2 = 0 . 9 2 7 
R = 0 . 9 6 3 
b v a l u e 
3 . 0 6 2 5 - 0 0 
- 5 . 7 9 5 0 - 0 3 
3 . 2 8 5 6 - 0 2 
4 . 5 0 0 7 - 0 2 
- 3 . 6 6 8 7 - 0 5 
3 . 4 0 1 7 - 0 3 
- 2 . 6 8 1 3 - 0 2 
- 2 . 4 1 5 2 - 0 4 
- 2 . 3 3 3 9 - 0 3 
5 . 7 8 3 8 - 0 0 
- 8 . 4 2 2 5 - 0 4 
S t a n d a r d error of b 
5 . 1 3 3 4 - 0 1 
1 .8003-03 
1 .5961-02 
2 . 3 4 0 1 - 0 3 
8 . 6 1 4 8 - 0 4 
7 . 3 1 6 6 - 0 4 
2 . 9 1 2 4 - 0 1 
1 .0009-04 
4 . 4 3 4 1 - 0 4 
4 . 9 6 9 4 - 0 1 
3 . 6 7 4 1 - 0 4 
Mean squa re 
1 .4832-00 
1 .0714-02 
t v a l u e 
5 .966 
— 3 . 2 1 9 
2 . 0 5 8 
1 9 . 2 3 3 
— 4 . 2 5 9 
4 . 6 4 9 
- 9 . 2 0 7 
— 2 . 4 1 3 
- 5 . 2 6 4 
1 1 . 6 3 9 
— 2 . 2 9 2 
tered in field wafering of grasses as 
opposed to leafy, high protein-content 
legumes. 
Conclusions 
1 The importance of m e c h a n i c a l 
properties of stems, protein content and 
moisture content in the prediction of 
forage-wafer densities was shown by 
the multiple regression analysis and 
confirmed the hypothesis that proper-
ties of stems, as well as the quantities 
of stems, are partial predictors of the 
densities of forage wafers. 
2 Forages low in moisture content 
and percentages of stems and high in 
protein will make the most dense 
wafers. Very young grasses, high in 
protein and low in percentages of 
stems, were wafered satisfactorily. Waf-
ering ability dropped rapidly with in-
creasing maturity with grasses and al-
falfa because of the rapid increases in 
percentage of stems and the drop in 
protein content. 
3 As the moisture content of the 
wafer is increased (to about 15 per-
cent) the interparticle friction is re-
duced so that maximum dry matter 
densities in the die are obtained. Addi-
tion of more moisture, however, reduces 
dry-matter densities in the die because 
the moisture occupies space that other-
wise would be occupied by the more 
dense forage particles. 
4 Differences in t h e m e c h a n i c a l 
properties of grass and legume stems 
were identified by a simple bending 
test of stem specimens. This data was 
correlated with the waferability of the 
particular forage. 
5 Prediction equations d e v e l o p e d 
through multiple-regression analysis of 
dimensionless variables adequately pre-
dicted densities of wafers in the die 
and gave reasonable trends for final 
wafer densities when tested by pre-
dicting densities of wafers made from 
orchardgrass, meadow foxtail, red clo-
ver, creeping foxtail, bromegrass, Reed's 
canarygrass, and tall fescue. 
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pellets and pelleted materials with sur-
face coat of animal fat. 
The pellet durability index for ra-
tions stored to equilibrium at several 
different relative humidities and tem-
peratures indicated that all rations stud-
ied had significantly different pellet 
durabilities. A relative humidity range 
of 55 to 75 percent at storage equilib-
rium produced pellet durabilities sta-
tistically better than those obtained at 
higher or lower relative humidities. 
Storage of pelleted feeds with an 
initial moisture content of from 7 to 
9 percent (w.b.) at relative humidities 
greater than 75 percent quickly de-
veloped molds at storage temperatures 
greater than 50 F; however, all pelleted 
feeds stored at or below 75 percent 
relative humidity were held 30 days at 
temperatures ranging from 50 to 90 F 
with no visible surface mold appear-
ing. Pellets (3 /16 in.) of the pig 
starter ration and dehydrated alfalfa 
(*/* in.) with an initial moisture con-
tent of 7 to 9 percent (w.b.) showed 
approximately 30, 10, and 5 percent in-
creases in volume (free expansion) at 
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equilibrium when stored at 50 F and 
relative humidities of 93, 75, and 58 
percent, respectively. Pellets exposed to 
humidities of greater than 75 percent 
showed signs of breaking up (disinte-
gration) in 10 to 14 days, while those 
exposed to 60 percent relative humidity 
or less appeared to be freeflowing with 
no adverse visible effects at equilib-
rium. 
The effect of various environmental 
conditions on the physical properties of 
several pelleted feeds and feedstuffs 
were determined. Though the number 
and p r o p o r t i o n s of the marco-and-
microingredients vary considerably in 
formulated complete feeds, the values 
established may serve as a relative 
guide for pelleted feeds and feedstuffs. 
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